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 The effects of Cs deposition on the field emission (FE) properties of single-
walled carbon nanotube (SWNT) bundles were studied. In addition, a comparative study 
was made on the effects of O2, Ar and H2 gases on the field emission properties of SWNT 
bundles and multiwall carbon nanotubes (MWNTs). 
 We observed that Cs deposition decreases the turn-on field for FE by a factor of 
2.1 - 2.9 and increases the FE current by 6 orders of magnitude. After Cs deposition, the 
FE current versus voltage (I-V) curves showed non-Fowler-Nordheim behavior at large 
currents consistent with tunneling from adsorbate states. At lower currents, the ratio of 
the slope of the FE I-V curves before and after Cs deposition was approximately 2.1. 
Exposure to N2 does not decrease the FE current, while exposure to O2 decreases the FE 
current. Our results show that cesiated SWNT bundles have great potential as economical 
and reliable vacuum electron sources. 
We find that H2 and Ar gases do not significantly affect the FE properties of 
SWNTs or MWNTs. O2 temporarily reduces the FE current and increases the turn-on 
voltage of SWNTs. Full recovery of these properties occurred after operation in UHV. 
The higher operating voltages in an O2 environment caused a  permanent decrease of FE 
current and increase in turn-on field of MWNTs. The ratios of the slopes before and after 
O2 exposure were approximately 1.04 and 0.82 for SWNTs and MWNTs, respectively. 
SWNTs compared to MWNTs would appear to make more economical and reliable 
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This dissertation deals with two related subjects : effects of cesium deposition on 
the field emission (FE) properties of single wall carbon nanotube (SWNT)  bundles and 
the effects of Ar, H2, and O2 gases on the FE properties of single wall carbon nanotubes 
and multiwall carbon nanotubes (MWNTs).  
 
1.1 Carbon Nanotubes as Electron Sources 
 
 Electron sources are becoming increasingly important in research and everyday 
life in devices such as cathode ray tubes (CRTs), vacuum tubes and microwave 
generators. Formerly electron sources relied mostly on thermionic electron emission, a 
process where electrons are heated from the tail of the Fermi level of the emitter into 
vacuum [1]. The temperature of the cathode needs to be over 2000°C to allow free 
electrons to escape from the surface. As a result, exposure of the heated emitter to 
residual oxygenic gases in the vacuum seriously poisons the cathodes [2,3]. In addition, 





exposure to residual gases and radiative heating greatly limit the lifetime of the emission 
devices. 
   A better alternative to thermionic emission is cold cathode emission where 
electrons are emitted by reducing the surface potential barrier of the cathode by applying 
an electric field. If an electric field is applied to the surface of a solid the potential step 
confining the electrons to the solid becomes a potential barrier triangular in shape. If the 
width of the surface barrier becomes narrow enough, electrons will tunnel from the 
highest occupied states of the solid into the surrounding vacuum. Thus it differs from 
thermionic emission where only electrons with sufficient energy to go over the potential 
barrier are emitted. 
 Materials such as molybednum microtip arrays are available for potential 
commercial applications as FE electron sources in flat panel displays. Metals such as 
tungsten and platinum are routinely etched into sharp tips for use in scanning tunneling 
microscopy (STM) – a fundamental tool in surface science research. Numerous other 
scientific instruments and techniques such as atomic force microscopy, field emission 
microscopy, etc, rely on metallic tips for their analyzing capabilities. Thus the recent 
discovery of carbon nanotubes (CNTs) is set to revolutionize the commercial and 
scientific communities with their exceptional electronic and mechanical properties. 
 Why are CNTs such good field emitters? As discussed in chapter 2, the exact 
mechanism by which CNTs field emit is not clearly understood. However, an inherently 
high aspect ratio (that is, the ratio of length to diameter) which causes the amplification 





CNTs possess over other types of emitters is high chemical and mechanical stability 
which make them inherently more durable in vacuum environments [4]. Finally CNTs are 
capable of sustaining large current densities with low external fields which makes them 
more economical to operate when compared to other types of emitters. 
  
1.2 Effects of Cs Deposition on the Field Emission Properties of Single-Walled 
Carbon Nanotube Bundles 
 It has been well established that the work function of a metal or semiconductor 
surface is reduced even after a partial coverage of cesium [5,6]. Cs deposition on metal 
field emitters such as Mo micro-tip arrays has been reported to increase the FE current 
from this material by lowering its work function [7]. Moreover deposition of cesium onto 
carbon and diamond films has also been shown to reduce their workfunctions and 
enhance field emission characteristics [8,9]. 
 Deposition of alkali metals such as Cs, K and Na onto CNTs has also been 
performed in recent years. Due to their different structure and packing , deposition onto 
SWNT bundles is likely to be different from that of MWNTs where alkali metals can be 
intercalated in between the concentric shells if defects are present [10,11]. Recently Cs 
was deposited on laser ablation synthesized SWNT bundles and the sample analyzed 
using direct transmission electron microscopy (TEM) and electron energy loss 
spectroscopy (EELS) [12]. Using EELS and TEM it was shown that the intercalation of 





bundles and that most of the deposited Cs did not remain on the surface, but reversibly 
intercalated in between the nanotube bundles [12]. 
Transport and electronic properties of doped SWNTs have been investigated as 
well. Cs and K deposition have been shown to decrease resistance and increase 
conductivity of SWNTs [13,14,15]. But in a context more relevant to FE research, the 
work function of Cs-intercalated SWNT bundles was measured using ultraviolet 
spectroscopy (UPS) [16]. UPS has an advantage over other techniques used to measure 
work functions such as FE or Schottky emission in that it does not employ any uncertain 
parameters. Our work described in Chapter 4 which measures the FE properties of 
cesiated SWNTs is a logical extension of this previous research. 
 
1.3 Effects of O2, Ar and H2 gases on the Field Emission Properties of Single-Walled 
and Multiwall Carbon Nanotubes. 
            CNTs have shown great potential in vacuum microelectronic devices principally 
because they require low operating voltages to sustain high currents [17,18]. But to 
become viable technological devices, reliability of operation under extreme operational 
conditions must be established. A key aspect to operating in an evacuated environment is 
understanding how emitters react with ambient residual gases that are unavoidably 
present. There are several potential sources of gases in typical emitter setups such as out-
gassing of materials, residue from fabrication processes, electron stimulated desorption 





and ionization, ion sputtering and electron impact ionization of the gases between gate 
and phosphors [19]. 
           A lot of interest has been shown of late on the effects of gases on the electronic 
and transport properties of carbon nanotubes . The electrical conductance of a semi-
conducting SWNT is known to increase upon exposure to nitrogen dioxide and decrease 
with exposure to NH3 [20]. Also, oxygen in particular has been found to have a marked 
effect on the electrical properties of SWNTs [21]. While a lot of the recent work relates 
to the transport measurements of  CNTs, little has been done to determine the impact of 
residual gas exposure as it relates to field emission (FE). Previous studies have reported 
about the effects of gases on the FE of CNTs, but these experiments were limited to an 
initial single current value over a period of gas exposure [4,22,23,24]. Also lacking is a 
comparative analysis among the various types of CNTs , such as single wall carbon 
nanotubes (SWNTs) and multiwall carbon nanotubes (MWNTs). Prior to our research a 
case could be made that MWNTs because of their multi-layer structure are more reliable 
and durable practical emitters. The results presented in chapter 5 assert that the lower 
operational voltages of SWNTs not only make them more economical emitters but also 
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 In sections 2.2 and 2.3 of this chapter I briefly describe how carbon atoms are 
configured to form the complex nanotube structure, and how restrictions placed upon 
these structures give rise to the unique and diverse electronic properties of carbon 
nanotubes. In this description I concentrate mainly on single wall carbon nanotubes 
which can be thought of as the fundamental building blocks of all types of nanotubes 
including those that were utilized in my experiments, namely the rope-like bundles of 
single walls and the multiwall nanotubes. 
 Sections 2.4 – 2.5 deal with field emission (FE) theory as it applies to carbon 
nanotubes. The exact mechanism by which carbon nanotubes field emit is still not clearly 
understood. Unlike graphite which is a semi-metal, carbon nanotubes form as either 
semiconductors or metals. Thus sections 2.3 and 2.4 deal with FE from conventional 
metallic and semiconducting tips, respectively. Another mechanism by which nanotubes 
are thought to emit is through adsorbate states formed due to the presence of “impurity” 
molecules adsorbed on the nanotube surface. Section 2.5 briefly explains this emission 
model. Finally section 2 highlights how one cannot rule out the influence of localized 
states situated on the end caps of carbon nanotubes. However, this is the least developed 
 9
of the emission theories since the discovery of localized states on the end caps of carbon 
nanotubes is a recent phenomenon. In all likelihood, carbon nanotubes field emit utilizing 
some or all of the mechanisms mentioned above. Perhaps one model dominates over the 
others depending on how the carbon nanotubes are grown and then prepared for 
experimentation. 
 
2.2 Structure of Single-Wall Nanotubes 
  
 Carbon atoms are found to exist in a variety of forms such as  diamonds, graphite, 
carbon fibers and nanotubes. This abundance in variety is principally due to the many 
configurations the four valence electrons of carbon adopt in forming bonds—a process 
called hybridization. In sp2 hybridization, the 2s orbital and two 2p orbitals of a carbon 
atom are mixed to form hybrid bonds with other atoms. Graphite which consists of layers 
of hexagonal lattices of carbon atoms is an example of sp2 bonded carbon atoms. A single 
layer of graphite forms a two-dimensional material called  a graphene layer. A single wall 
carbon nanotube (SWNT) can basically be described as a graphene sheet rolled up into a 
seamless cylindrical shape. A basic building unit of the single wall nanotube is the six-
membered structure known as a benzene ring. Its orientation relative to the axis of the 
nanotube provides many possible structure and properties for carbon nanotubes. Figure 
2.1 shows the three possible examples of SWNTs with their end caps detached . Each 



























Figure 2.1 The orientation of the six-membered benzene ring determines the symmetry 
classification of carbon nanotubes: (a) armchair, (b) zigzag, and (c) chiral nanotubes. For 
armchair carbon nanotubes the benzene rings are lined up with the axis of the nanotube 





discovered in the early 1990’s and popularly known as a “buckyball”. The end-caps are 
different from the rest of the tube in that they contain six pentagons along with the 
requisite number of hexagons needed to fit perfectly to the cylindrical body.  
 Carbon nanotubes have two types of symmetry classifications: achiral 
(symmorphic) or chiral (non-symmorphic). An achiral nanotube is one whose mirror 
image is identical to the original. There are only two cases of of achiral nanotubes – 
armchair and zigzag as shown in Figure 2.1 (a) and (b) respectively. Armchair and zigzag 
are so designated due to the shape of the cross-sectional ring shown at the edge of the 
nanotubes in Figure 2.1. Basically one can roll up a graphene sheet along one of its 
symmetry axis and  obtain an armchair or a zigzag nanotube. On the other hand if you 
roll up a graphene sheet in a direction other than a symmetry axis you get chiral 
nanotubes. Thus chiral nanotubes possess a spiral symmetry whose mirror image is not 
identical to the original. 
 The primitive cell or unit cell for a carbon nanotube in real space is shown by the 
quadrilateral OAB/B in Figure 2.2 . The figure illustrates the unrolled graphene sheet 
lattice of the nanotube, in which the vector OB is in the direction along the nanotube axis. 
The vector OA which is perpendicular to OB is an important structural parameter of the 
nanotube. As the graphene sheet is rolled end to end, OA lies along the circumference of 
the nanotube. OA and OB help define the translational vector T and the chiral vector C 


















Figure 2.2 Illustration of the chiral vector of a zigzag C = (4, 0)  nanotube. Also depicted 
is the translational vector T for this nanotube. The quadrilateral OAB/B defines the unit 
cell in real space.   
 
 
 The chiral vector C is given by 
  












where n, m are integers and 0 ≤ m ≤ n. a1 and a2 are the real space unit vectors of the 
graphene sheet. C essentially determines the nanotube because if you move n times the 
vector a1  along the graphene sheet and then m times a2 from the origin you get to the tip 
of the chiral vector. Then you roll up the sheet so that the origin coincides with the tip of 
C and a nanotube is realized. For the case C = (n, 0), that is integer m = 0, we have a 
zigzag nanotube. If  C = (n , n), that is n = m, an armchair nanotube results. All other (n, 
m) combinations result in chiral nanotubes. The diameter of the nanotube is also 
determined by the chiral vector and is given by : 
 
                                                           d = L / π   where                                                (2.2) 
 
                                              L = C  = a(n2 + m2 + nm)1/2 .                                      (2.3) 
 
 
The translation vector T is given by  
 
                                                      T = t1a1+ t2a2 ≡ (t1 , t2)                                         (2.4) 
 
where t1 and t2 are integers. T lies parallel to the nanotube axis and is perpendicular to C. 
Figure 2.3 shows the reciprocal lattice vectors K1 and  K2  for the C = (4, 0) achiral 




C  K1 = 2π              T  K1 = 0 
                                                                                                                                                                   (2.5) 
C  K2 = 0               T  K2 = 2π 
 
 
From these we get , 
 
 
                       K1 = 1/N (-t2b1 + t1b2),                     K2 = 1/N (mb1 – nb2)                  (2.6) 
 
where b1 and b2 are the reciprocal lattice vectors of the graphene sheet and N is the 
number of hexagons in the nanotube unit cell. Thus for the C = (4, 0) nanotube whose 
real space unit cell is shown in Figure 2.2, the reciprocal space vectors are: 
 
 
                         K1 = b1/4 + b2/8 ,                                        K2 = - b2/2 .                  (2.7) 
 
 
These are represented on the honeycomb lattice in Figure 2.3. The vectors K1 and K2 are 
the reciprocal space vectors that correspond to the chiral vector C and translational vector 

















Figure 2.3 The reciprocal lattice of the C = (4 , 0) zigzag nanotube. The vectors K1 and 
K2 are the reciprocal space vectors corresponding to C and T.  The vectors b1 and b2 are 




2.3 Structure of Multiwall Nanotubes 
 
 
  A few researchers have hypothesized that the layered structure of multiwall 
nanotubes consist of a scroll like or “Swiss roll” structure [1,2]. However most 
experimental evidence points to the structure of multiwall nanotubes as consisting of 
concentric shells of discrete nanotubes, the so called “Russian doll” arrangement [3]. The 
spacing between the adjacent layers is between 0.34 – 0.36 nm [4] and in most cases the 









2.4 Electronic Properties of Single Wall Nanotubes 
 
  A graphite sheet consists of a layer of hexagonally arranged carbon atoms. What 
holds this honeycomb pattern together are the sp2 hybridized  covalent bonds lying in 
the plane of the graphene sheet. This leaves the π electron orbitals, which are located 
perpendicular to the sheet, to determine the electronic and solid-state properties of 
graphite. Thus it is not surprising that the electronic properties of carbon nanotubes , 
which are basically rolled up graphene sheets, can be determined from a tight-binding 
calculation for the π electrons of the carbon atoms [8]. 
  The electronic properties of carbon nanotubes arise principally due to the 
restrictions imposed on the electrons in the nanotube body. In fact the only direction 
electrons are free to propagate is along the nanotube axis. They are confined radially by 
the mono-atomic thickness of the graphene sheet and along the circumference by the 
circular structure of the tube. Thus by using periodic boundary conditions in the 
circumferential direction, the chiral vector C becomes quantized while the wave vector 
along the axis T remains continuous [8]. 
Dispersion relations which connect wave vectors to energy are most easily 
obtained for the highly symmetric achiral nanotubes such as the armchair and zigzag 
tubes. Figure 2.4 depicts the unit cell in real space which contains four carbon atoms and 
Figure 2.5  shows the Brioullin zone of an armchair nanotube. Energy dispersion 
relations are calculated along the perimeter of the dotted triangle connecting the high 
symmetry points Γ, K and M which are at the center, the corner, and the edge as shown in 
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Figure 2.5. By applying boundary conditions we obtain the energy dispersion relations 




       Eaq (k) = ± t {1 ± 4 cos(qπ/n) cos (ka/2) +4 cos2 (ka/2) }1/2                (2.8) 
 
where,    (- π < ka < π),    and      (q = 1,….,2n). 
 
 
The superscript “a” refers to armchair and k is a one dimensional vector in the direction 
of K2  (see Figure 2.5). The parameter “a” in Eq (2.8) refers to the length of the unit 
vector of the nanotube. The resulting one dimensional dispersion relations for the (5, 5) 
armchair nanotube are shown in Figure 2.6 where six dispersion relations for the 
conduction band and six for the valence band can be seen. The valence and the 
conduction bands cross and the resulting degeneracy point is the reason the (5, 5) tube is 
a zero-gap semiconductor  since only infinitesmal excitations are required to excite 
carriers into the conduction band [8]. All (n, n) armchair nanotubes yield 4n energy 
subbands analogous to eqn. 2.8 with 2n conduction and 2n valence bands and have a 
band degeneracy between the highest valence band and the lowest conduction band 












Figure 2.4 The real space lattice of an armchair C = (n, n) nanotube. The rhombus 











Figure 2.5 The reciprocal lattice of the C = (n, n) nanotube. Energy dispersion relations 












The energy bands for zigzag nanotubes C = (n, 0) are similarly obtained [8] 
  
 
   Ezq (k) = ± t {1 ± 4 cos(qπ/n) cos (3ka/2) +4 cos2 (qπ/n) }1/2           (2.9) 
 
where,    (- π/3 < ka < π/3),    and      (q = 1,….,2n)  
 
 
The superscript “z” is for zigzag nanotubes. The one dimensional dispersion relations are 
shown for (9, 0) and (10, 0) zigzag nanotubes in Figure 2.6. For a general zigzag tube, 
when n is a multiple of 3 the energy gap at k = 0 (Γ point in Figure 2.5) becomes zero and 
we have a zero–gap zigzag nanotube. When n is not a multiple of 3, an energy gap at k = 
0 appears. 
  Similar analyses done for the dispersion relations of chiral nanotubes show that 
the nanotubes can be classified into general categories depending on the relationships 
between the chiral numbers n and m [16,17]. If the greatest common divisor between the 
sum (n – m) and the integer 3 is one, then the chiral nanotube will be a semiconductor. If 











Figure 2.6 One dimensional dispersion relations for (a) armchair (5, 5) (b) zigzag (9, 0) and (c) zigzag (10, 0) nanotubes. The 
Γ point corresponds to k = 0 while the X point corresponds to k =  π/a for armchair and k =  π/3a for zigzag nanotubes. 
[From Ref.8] 
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The one dimensional density of electronic states as a function of energy is another 
parameter of interest. As discussed in section 2.9 electronic states located on the caps of 
nanotubes are believed to play a pivotal role in the enhanced field emission mechanisms 
of nanotubes. Figure 2.7 shows the density of states for armchair (8, 8), (9, 9), (10, 10), 
and (11, 11) nanotubes. These like all armchair nanotubes are metallic; however, their 
density of states differs from the smoothly profiled density of states of conventional 
metals. The peaks shown in Figure 2.7 correspond to energy subbands and are important 
in analyzing experimental results. 
 
2.5 Electronic Properties of Multiwall Nanotubes 
 
  The electronic properties of multiwall nanotubes can be understood in terms of 
the structure of the constituent single wall nanotubes [8]. The electronic structural 
difference between single and multiwall nanotubes is mainly due to the difference in the 
diameter of the tubes rather than in the numbers of concentric graphene sheets [18]. This 
is because experiments have shown that electronic properties like conductance in 
multiwall nanotubes are governed by only one of the concentric tubes [19,20,21].  More 
than likely this is the outermost shell. The electronic density of states of a multiwall 
nanotube can be approximated in terms of a superposition of those of the individual 






Figure 2.7 Electronic density of states for (8,8), (9,9), (10,10), and (11,11) armchair 




2.6 Field Emission From Metallic Conductors 
Field emission is a quantum mechanical phenomenon where the potential barrier 
at the solid’s surface has been deformed so greatly by an external field F, that electrons 
can easily tunnel through it. One can readily develop the condition required for field 
emission from an analysis of Heisenberg’s uncertainty principle, 
 
 
 x ≈(2.10) 
 






	   n, 
respectively, and  is Planck’s constant. The uncertainty in the position of the electron is 
comparable to the width of the barrier, which is given by [23], 
 
 







∆ φ                                                                (2.11) 
 
 
where  φ is the barrier height and F the external field. 
The uncertainty in momentum of the electron is that corresponding to the height of the 
barrier  φ, 
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                                           mφ )1/2      .                                          (2.12) 
 
Substituting (3) into (1), one gets the uncertainty in position of the electron, 
 
                                                                                                                                   (2.13) 
                                                                                            
                                                                                                                                                                 
For field emission to occur, the barrier width (2.11) should be on the order of magnitude 
of the uncertainty in the electron position (2.13). This requires that 
 
 
                                         )2/()/( φφ meF ≈ 1/2                                                 (2.14) 
 
or                                               
                                                (2m)1/2φ3/2/eF  ≅ 1.                                           (2.15) 
 
 
The potential barrier near the surface of the solid is decreased by an image term. This is 
due to the attractive pull of the image charge experienced by electrons as they depart the 






surface. If the external electric field is applied in the ‘x’ direction, the potential energy 
function is given by  [24], 
 
                                                                                                                                      (2.16) 
 
 
where Ef is the Fermi energy. As figure 2.8 shows the resulting barrier is smaller than that 
obtained by neglecting image effects. The position and value of the top of this barrier, 
called the Schottky saddle [25], is determined by setting the derivative of (2.16) to zero. 
Thus the position of the Schottky saddle is 
 
 
                                             xmax = (e
 / 16 oFx)
1/2 .                                               (2.17) 
 
 
The maximum height of the barrier, called the Schottky saddle point, is given by 
 
                                                                                                                                      (2.18) 














It was R.H.Fowler and L.W. Nordheim who first utilized quantum mechanical concepts 
to devise a model to explain the cold emission of electrons from metals [26]. The energy 
distribution of the emitted electrons which follows Fermi-Dirac statistics is important to 
the derivation of the Fowler-Nordhiem (F-N) equation. The number of electrons in a unit 
volume in the momentum range pxpypz  is given by the number of cells in the 




        N(px,py,pz)pxpypz = (2/h
3)(1 + e(E-)/kT)-1pxpypz   ,                          (2.19) 
 
 
      or, in terms of velocities , 
 
 
    N(vx,vy,vz)vxvyvz = (2m/h
3)(1 + e(E-)/kT)-1vxvyvz                  (2.20) 
 
 




2]  and  is the chemical potential. By first determining 
the energy distribution of the electrons normal to the emission surface and integrating 




           I = 6.2  106 [(/φ)1/2 /2(φ + )]F2exp(-6.8107φ3/2/F)              (2.21) 
 
 
which is the F-N equation for metal emitters. The Fowler - Nordheim equation can be 





















where I is the field emission current, a and b are constants, φ  is the work function, V the 
applied voltage, and  the geometric enhancement factor. The geometric enhancement 
factor reflects the geometry of the emission area that is responsible for the presence of 
high local electric fields. In order to determine the values of a and b, current - voltage (I-
V) curves are measured on the assumption that a and b are constant. The slope of the I-V 
curve at any point where I can be differentiated with respect to V is used to determine the 
value of bφ 3/2. The value of bφ 3/2 is substituted into Eq. 2.22, which together with the I-
V curve is used to determine the value of a which, primarily depends on the emission 
surface area. 
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                     Figure 2.8 Field emission model for electrons tunneling from a metal tip. 
 is the workfunction of the metal and eff  the effective work function due 
to the external field. Ef  represents the Fermi energy. The external field F 




A graph of ln( I / V2 ) versus 1/V, called a Fowler-Nordheim (F-N) plot, may then 
be plotted where the slope of the resulting line depends on the work function and the 
geometric factor. On the assumption that the geometric factor remains fixed, the variation 
of the slope may be used to evaluate the relative changes in work function . Conversely if 
the work function is assumed to remain constant for a particular experimental situation 











2.7 Field Emission from Semiconductors 
In a metal the Fermi level lies at the highest filled state at 0K where as in a 
semiconductor the Fermi level is located approximately at the middle of the energy gap 
Eg. If impurity donor states are present, the energy required to ionize electrons from these 
states is Ei . If   kT  <<  Eg/2 and Ei  >> kT, the conduction band will be empty. If the 
external electric field is high enough tunneling of electrons can occur from the top of the 
valence band as shown in Figure 2.9. In this scenario the image correction becomes 
considerable and the emission current is given by the modified F-N equation [27], 
 
            




                 = { 1- (-1/ + 1)1/2 3.610-4 F1/2/(φ + Eg)}1/2                        (2.24) 
 
 
and   is the dielectric constant of the material. 
 Field emission occurs from the conduction band of semiconductors if the external 
field penetrates into the material and twists the conduction band below the Fermi level.  
The Fermi level is usually close to the undeformed conduction band when donor 
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impurities are present. If the applied field is high the bottom of the conduction band will 
tend to dip below  in n-type materials. This creates a depression in the potential into 
which electrons will collect as shown in Figure 2.10. These electrons don’t congregate in 
dense enough states to be described by a Boltzmann distribution and consequently follow 
Fermi statistics. The highest filled state of this pool will coincide with the Fermi energy 
of the bulk to equalize the chemical potential throughout the material. The field emission 










                                                                                                                                      (2.25)                     
 
 









Doping semiconductors with impurity atoms containing excess electrons will raise the 
Fermi level thereby reducing the effective work function. Conversely “hole doping” 








































Figure 2.9 Field emission model for the tunneling of electrons from the valence band of a 
semi-conducting material with an energy gap  Eg. The emission of an electron leaves a 
hole behind in the valence band allowing for enough conduction to balance the emission 

















































Figure 2.10 Field emission model for the tunneling of electrons from the conduction 
band of a semi-conductor with dielectric constant . The external field F penetrates the 
material and bends the conduction band by V to below the Fermi level Ef . A “metallic” 





 - (Ef – V) 
F/ 
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2.8 Field Emission through Adsorbate States 
 
 
Another possible mechanism by which carbon nanotubes are thought to field emit, 
at least at room temperature, is by resonant tunneling of electrons through adsorbate 
states. The molecule believed involved in this process is water or some type of its 
derivative such as OH- radicals [28]. The emission from adsorbed molecules on metal tips 
is a well studied phenomenon. As Figure 2.11 depicts, the external electric field partially 
penetrates the adsorbed molecule and deforms its potential energy. The Fermi level of the 
metal equalizes with the highest filled state of the molecule and a decrease in the 
effective work function of the molecule results [29]. These adsorbed states thus create a 
resonant tunneling condition for electrons which increases the local tunneling current at 
the molecule. These adsorbate states on carbon nanotubes are removed above 900K 
with an accompanying reduction of the field emission current [28]. 
 
2.9 Field Emission from Localized States 
  
As discussed in section 2.3, carbon nanotubes possess discrete peaks in the bulk 
local density of states. This discontinuity in the electronic structure at the nanotube caps 
differs from the continuum states of metal emitters. Investigators have also shown that 
nanotube caps possess distinct local electronic states [30]. This unique local electronic 



































Figure 2.11 Model for the field emission from adsorbate states formed on metal tips. Ef 
is the Fermi level of the metal with a workfunction . The external field F lowers the 
ionization potential of the molecule as well as deforming the potential barrier allowing 



















Recent ab initio pseudopotential electronic calculations of single walled carbon 
nanotubes in applied fields have shown the presence of unusual localized states at the top 
of the nanotubes [31]. These states are believed to be responsible for high field emission 
current by allowing a charge buildup at the end of the nanotubes when an external field is 
applied. Han and Ihm [31] hypothesize that the accumulated charge on the nanotube caps 
enhances the local electric field which in terms of the Fowler-Nordheim theory is the 
driving force of field emission. 
 Additional importance of the role of localized states has come from the field 
emission energy distribution (FEED) measurements done on carbon nanotubes. FEED 
data have shown the presence of tunneling states above the Fermi level in single wall 
carbon nanotubes [32]. FEED data of multiwall nanotubes also show an energy spread of 
the electron distribution which is half that of metallic emitters, indicating that the 
emission of electrons occurs from narrow energy levels [33]. 
 
2.10 Auger Electron Spectroscopy 
 
 
Auger electron spectroscopy (AES) derives its name from the Auger effect first 
observed by Pierre Auger, a French physicist, in the mid 1920’s . Its utility as a technique 
for surface analysis however wasn’t established till much later in the mid 1960’s. The 
first step in the process involves irradiating a surface with a primary beam of electrons. 
Then a precise measurement is made of the number of emitted secondary electrons as a 
function of kinetic energy. This helps in identifying the specific element involved in the 



















Figure 2.12 Model for Field emission from the localized states E1 and E2 located on the 
cap of carbon nanotubes. Localized states are speculated to exist above the Fermi energy 
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As illustrated in Figure 2.13 a primary beam of electrons ejects an electron from a core 1s 
ground state of a surface atom. The ion thus formed is unstable and the vacant orbital in 
1s is quickly filled by an electron dropping down from a higher level such as a 2s orbital. 
The energy released in the process can be absorbed by an electron in a higher orbital such 
as 2p, causing it to be ejected as an Auger electron. The final ion state shown in Figure 
2.13 is still not stable and after more electron arrangements the system quickly returns to 
its ground state. From conservation of energy, the kinetic energy of the Auger electron is 
 
 
                                      Ek = E1s – E2s – E2p                                                     (2.26) 
 
 
where the subscripts designate the respective energy levels of the states. This equation is 
not strictly accurate since the Auger process deals with electrons in ionized states, which 
will have different energies from the above ground states represented in equation (2.26) 
[35]. A point to note is that the production of an Auger electron involves at least three 
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3.1 The UHV Preparation Chamber  
 
 The first stage of the UHV system is the preparation chamber which serves an 
essential role in the heating and out-gassing of my carbon nanotube samples. Made 
entirely with UHV compatible materials it is very important that it not only remove all 
contaminants out-gassed from the sample during heating but in addition not 
unintentionally contaminate the sample. Thus its construction of UHV compatible 
materials as well as all metal flange seals serves this purpose well. 
 The preparation chamber is equipped with a sixty liter per second turbomolecular 
pump set at the back. This pump is separated from the chamber by a gate valve which 
allows for continuous operation of the pump, since shutting down the pump every time 
the chamber is brought up to atmospheric pressure for sample placement could expose it 
to possible contamination. Once the sample is placed in the preparation chamber a 
roughing pump is used for its evacuation. To avoid back diffusion of pump oil, a 
molecular sieve and a liquid nitrogen cryogenic trap are placed between the mechanical 
pump and the chamber. Once the chamber has been evacuated, the gate valve separating 
the turbomolecular pump is opened to bring the pump back on line. However if required 
the turbomolecular pump can bring down the chamber pressure from atmosphere to 10-7 


















































Figure 3.2 Schematic drawing of the side view of the UHV Preparation  chamber and the UHV STM system.
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 gauges: a capacitance  Baratron gauge, a thermocouple gauge which is reliable up to 10-3 
Torr and an ionization gauge which can measure pressure all the way  down to UHV. The 
ion gauge is particularly useful in monitoring the out-gassing from the CNT samples. 
 Figure 3.3 shows the UHV compatible electrical feed-throughs and water feed-
throughs connected to the top flange. The sample holder that is mounted on a linear 
translator is eased into position to make contact with the electrical feed-through ends. 
Once in contact, current can be passed through the sample for resistive heating. The water 
feed-throughs are to cool the sample while the chamber itself is cooled by an external 
water-jacket during the heating process. The temperature of the sample is measured by 
placing a digital pyrometer eight inches from the sample and focussed through the view 
port. Once the sample is ready for transfer, it is translated through an all metal valve into 
the UHV STM chamber using a linear horizontal translator. 
3.2 The UHV System 
 
 The main UHV STM chamber was custom built by MDC vacuum products 
corporation [1]. As the sample is linearly translated into the chamber it is picked up by a 
rotary arm and can be placed in one of three stages (see Figure 3.4). The first is the 
experimental stage, the second is the heating stage which is appropriately wired to 
transmit current to the tantalum clips for heating the sample. The third is an extra stage 
useful when more than one sample is being analyzed. 
 An eight inch view port provides a side view into the chamber as shown in Figure 






Figure 3.3  Schematic diagram of the sample holder and the sample heating system used 




 view port located on top of the chamber shown in Figure 3.4. Both these ports are relied 
upon extensively when manipulating the samples and translators inside the chamber.  



































Figure 3.4 View from the top 4-5/8 inch port looking into the UHV STM chamber. The 
heating stage is used for de-gassing samples in the chamber. The experimental stage is 
loaded with the quartz holder which has the carbon nanotube film attached to it. The 
inchworm is used in the coarse approach of the sample. 
 
 
stage are fitted with sensitive monitoring equipment. One has a residual gas analyzer 
(RGA) manufactured by Stanford Research Systems which was used to monitor the 
precise exposure of the nanotube samples to various gases that were leaked into the 
chamber. The RGA which is essentially a quadrupole mass spectrometer can scan gas 
species up to 200 atomic mass units (amu) with a resolution of one amu at 10% of peak 
maximum [2]. The RGA is also used for routine vacuum analysis and leak checking. The 







sputter cleaning and annealing of samples. The third port is used during evaporation of 




Figure 3.5 Side view from the 8 inch port looking into the UHV STM chamber. The 
















Attached to the UHV STM chamber described above is the larger main UHV chamber 
shown in Figure 3.1. This chamber is equipped with a 400 liter per second ion pump 
which can lower the pressure to below 10-10 Torr. In addition a titanium sublimation 
pump is attached to one of the ports and can be used to quickly bring down the pressure 







is mounted an Omicron Auger system that consists of a cylindrical mirror analyzer and 
coaxial electron gun. The Auger system was used to determine the amount of surface 
contamination on the single wall nanotube sample in the first part of the experiment.  
 
 




It was also used to estimate the amount of cesium coverage of the surface of the single 
wall nanotubes. The UHV chamber is also equipped with several Varian leak valves for 
precise gas exposure. 
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3.3 The UHV STM Positioning System 
 In general, the field emission current is a sensitive function of the anode-nanotube 
film distance, therefore it is important to precisely position the anode with respect to the 
film. To achieve this the technology behind the Burleigh instruments Inc. [4] Aris 5000 
UHV-compatible STM is used. It consists of two piezo actuators, an inchworm motor and 
a scanning tube. The inchworm motor is for coarse approach and positions the anode 
within a few microns from the film. The piezo which is activated by applied voltages is 
used for fine positioning and is capable of motion in the three x, y, and z directions. The 
entire assembly sits on an invar base mounted on a vibration isolation system that 
consists of four springs and four eddy current damping magnet assemblies. The STM 
experimental stage which is also made of invar holds the carbon nanotube sample as 
coarse and fine adjustments slowly place the anode tip within tunneling range. Tunneling 
occurs at about 0.5 – 1.0 nanometres and consists of field emission from the carbon 
nanotubes into the positively biased anode tip. Once tunneling is detected the tip is 
retracted using the inchworm alone to the required distance for experimentation. Then the 
STM is disengaged and separate high voltage electronics are used to measure the FE I-V 
data. Figure 3.10 shows the schematic for the electrical setup used to take the data. A 
personal computer controls the digital power supply through a co-axial connection. The 
power supply positively biases the tip which causes the carbon nanotubes to field emit 
current. This current is detected by a multimeter and sent to the computer through an 
IEEE connection. A 600 K ballast resistor is placed in the circuit to act as a current 
limiter in case of catastrophic failure due to arcing. The labview software is quite 
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versatile and can take hysterisis curves as well as current versus time data, in addition to 
the FE I-V curve measurements. 
 
3.4 Cesium Metal Dispenser 
 Attached through two 2-3/4 inch ports angled into the main UHV chamber are K 
and Cs metal dispensers purchased from SAES [5]. The reducing agent used in the SAES 
alkali metal dispensers is the st 101 getter material [5]. Besides its reducing action, the st 
101 alloy is able to irreversibly sorb almost all the chemically active gases produced 
during the reduction reaction, thus preventing them from contaminating the metal vapor. 
The reducing agent mixture is held in a metal container with a trapezoidal cross-section 
with a slit to allow for the evaporation of the Cs metal vapor. The dispenser is heated by 
running current through terminal wires fitted through the port. The heating starts the 
reduction reaction that subsequently causes the free alkali metal to be evaporated onto the 
sample. 
 The Cs evaporation yield of the metal dispensers has been precisely determined 
by SAES and under the required operating conditions the dispenser yields 28 micrograms 
(g) per minute [5,6]. For a sample placed 2 cm from the 2.5 cm long active emitting 
wire of the dispenser I estimated a deposition density of 1.78 g/cm2 per minute 
evaporated onto the sample. This calculation was made based on the assumption that the 
Cs flux at 2 cm from the source can be approximated by a half cylindrical surface. An 















Figure 3.8 View through the 8 inch side port showing the interior of the main UHV 
chamber. The pivoting sample holder is attached to the end of a linear translator which is 
used to bring in samples from the UHV STM chamber. The carbon nanotube sample is 




1 cm2 in area can also be made utilizing the Auger data presented in section 4.6 of 
chapter 4. The number of carbon atoms in the first two layers (region of Auger analysis) 
of the SWNT bundles  is approximated by treating the SWNT bundles as cylinders lined 
up adjacent to each other as shown in Figure 3.9. By including only the area on the top 
half of each cylinder the total area of the film surface increases by a factor of π/2 to π/2 
cm2. This area is divided by the area of the unit cell of a graphene sheet shown in Figure 






the first two layers of the SWNTs. The Auger data shows that after 4 minutes of 
deposition the surface coverage of Cs is roughly 15%. This amounts to about 1.755  1015 
Cs atoms which are found to be interspersed within the first two layers of the SWNTs. As 
mentioned above the SAES getter deposits 7.16g or 3.226  1016 Cs atoms in the 4 
minute period. Thus approximately 3.051  1016  Cs atoms weighing 6.73 g either 
intercalate or “bounce” off the surface. However we can further assume a sticking 














Figure 3.9 Schematic illustration approximating a mat of single wall nanotube bundles. 
Accounting for the curvature of the cylinders, the surface area becomes π/2 times greater 
than that of a flat surface.


























































































































3.5 Multiwall Nanotube Growth Setup 
 
 
 The system described in Figures 3.11 and 3.12 was used to produce the MWNTs 
utilized for the FE analysis in this dissertation. It consists of a glass tube 91 cm in length 
and having a diameter of 5.65 cm that is placed inside a tube furnace for heating. The 
entire system can be evacuated to a pressure of 110-6 Torr using a mechanical rotary 
pump. Placed strategically at the exhaust end of the glass tube and before the intake of 
the pump are liquid nitrogen cryogenic traps. These are to prevent the carbonaceous 
waste products of the CVD process from contaminating the rest of the system, especially 
the pump. The flow rate of the gasses nitrogen, hydrogen and acetylene used in the 
growth process  are measured in units of standard cubic centimeter per minute (sccm) 
using digital gas flow meters manufactured by Sierra instruments, Inc. The gas flow itself 
is controlled by needle meter valves manufactured by Nupro, Inc. The pressure of the 
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EFFECTS OF CESIUM DEPOSITION ON THE FIELD EMISSION PROPERTIES OF 





 Before describing the experiment in detail in section 4.6 a brief history of cesium 
(Cs) deposition on field emitting materials is presented in section 4.2. Section 4.3 deals 
with recent experiments that have doped carbon nanotubes  (CNTs) with alkali metals, 
particularly Cs and established the intercalation of the Cs atoms within the CNT 
structure. Section 4.4 then highlights the effects of the doping on the electronic properties 
of the CNTs. Section 4.5 deals with the production of single wall nanotubes (SWNTs). I 
present my results and discuss them in section 4.7 and conclude in section 4.8. 
 
4.2 Cesium Deposition on Field Emitting materials 
 
 It has been known for over sixty years that deposited electropositive elements 
such as Cs can enhance the thermionic and field emission (FE) properties of metal 
emitters. Indeed the first experiment on a cesiated tungsten emitter that resulted in 
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enhanced FE was done in 1940 [1]. Since then it has been well established that the 
workfunction of a metal or a semi-conductor surface is reduced by a partial coverage of 
Cs [2,3,4]. Using Fowler-Nordhiem (F-N) analysis, Macaulay et al found that Cs 
deposited on Molybednum micro-cathode arrays reduces the workfunction as well as the 
operating voltage required for FE.[5].  Diamond films and carbon materials in general 
have been shown to have improved FE characteristics after deposition of Cs. Pan et al 
found that cesiation dramatically improved the threshold field and emitter density of 
diamond like carbon (DLC) films [6]. Chemical vapor deposition (CVD) grown diamond 
also had its FE properties improved after deposition of Cs [3]. 
 
4.3 Doping and Intercalation of Carbon Nanotubes 
 
 SWNT bundles grown by catalyst assisted laser vaporization form rope like 
bundles with a two dimensional triangular lattice [7]. Doping  carbon nanotubes with the 
aim of altering their lattice structure and properties has shown great potential in recent 
years. Alkali-metals such as Cs, K and halogens like bromine and iodine have been 
reacted with carbon nanotubes in techniques similar to those used in synthesizing 
graphite intercalation compounds [8]. MWNTs consist of concentric layers of nanotubes 
and alkali metal dopants are known to intercalate in between the adjacent shells if defects 
are present [9,10]. The doping of SWNTs is somewhat different as recent experiments 
have shown that doping compounds come to reside in between the individual nanotubes 
within the bundle. An indication that doped SWNTs formed intercalation compounds 
 62
came when bulk samples of SWNTs were reacted with vapor-phase bromine or 
potassium with a resulting forty-fold enhancement in conductivity [11]. The Raman 
active vibrational modes were also observed to shift after deposition of alkali metals (K 
or Rb) onto SWNT bundles [12]. Direct structural evidence of intercalation however 
came only after in-situ transmission electron microscopy (TEM) and electron energy loss 
spectroscopy (EELS) studies of alkali-metal doped SWNTs were done. TEM revealed 
that alkali metals such as Cs introduced structural disorder to the lattice structure of the 
pristine SWNTs with no periodic structure and only weak diffraction spots showing [8]. 
EELS further established that most of the Cs deposited did not end up just on the surface 
but intercalated into the bundles [8]. 
4.4 Effects of Doping on Electronic Properties of Carbon Nanotubes  
 
 The transport and electronic properties of doped CNTs are a fascinating area of 
study. No doubt a major reason for research in this area is the quest for new super-
conducting phases in analogy with super-conducting alkali-metal doped graphite and C60 
[13]. SWNT mats exhibit non-metallic behavior below a certain temperature T and 
metallic behavior above T [11,14,15,16]. The value for the threshold temperature T varies 
from 35 K for a single SWNT bundle up to 300 K and higher for mats [15]. Doping of 
SWNT bundles with either donors or acceptors is expected to shift the Fermi energy in 
the electronic band structure and can shed light on the electronic conduction mechanism 
[13]. Indeed, deposition of electropositive elements like Cs or K has been shown to 
decrease resistance and increase conductivity of SWNTs [11,12,13]. Recent research on 
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the work function and valence band states of Cs intercalated SWNT bundles was carried 
out using ultra violet spectroscopy (UPS) [17]. UPS is a powerful tool since it can 
measure the valence band electronic structure on a wide energy range as well as make a 
direct measurement of the work function. The work function was found to have decreased 
from 4.8 eV of the pristine SWNTs to 2.4 eV for the Cs intercalated bundles [17]. 
 
4.5 Production of Single Wall Carbon Nanotubes 
 
 The SWNT bundles used in the field emission experiment were purchased from 
Tubes@Rice [18]. These were produced using a laser to vaporize a Cobalt-Nickel target 
positioned in a flow tube which is kept at 1100C and has argon gas flowing through it. 
SWNTs condensed from the laser vaporization plume are swept downstream in the Ar 
flow and deposit on the quartz tube walls outside the heated zone [19]. The material 
collected from this process consists  of 40-50 vol % of SWNT with the remainder largely 
being amorphous carbon and residual catalyst particles. This raw material is then treated 
with a twelve hour 2.6 M nitric acid reflux, followed by rinsing in pH 8.0 water, 
centrifugation, extraction with toluene, and then a final filtration that results in material 
consisting of greater than 90 wt % SWNTs [18]. The nanotubes produced are tangled 
ropes, all single wall with a mean tube diameter of 1.2 nm. It is composed of a nearly 
random mixture of armchair, zigzag and chiral helicities. While the SWNT ropes are 
essentially endless they are composed of vast numbers of individual SWNT in Van der 
Waal contact, with most tubes being 0.2 to 2 microns in length.    
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4.6 Experiment             
                                                                                                                                                                    
 The slurry of SWNT bundles in toluene was deposited onto a conducting Si 
substrate and allowed to dry resulting in a mat of approximately 10 microns thickness as 
measured by an optical microscope. The Si wafer was then secured onto a quartz holder 
using tantalum clips as shown in Figure 3.3. The sample was then placed in the UHV 
compatible preparation chamber for out-gassing as described in chapter 3. It was heated 
to 500 C with the temperature measured by a digital pyrometer. The fluctuating pressure 
due to the out-gassing was monitored with an ionization gauge and after almost 24 hours 
the sample was ready for transfer. It was then linearly translated through an all metal 
valve into the UHV-STM chamber. From the UHV-STM chamber it was further 
translated into the adjoining main UHV chamber  which is equipped with an Auger 
spectroscopy system as well as a Cs metal dispenser as described in section 3.4 of chapter 
3. In the main UHV chamber Auger spectroscopy was performed on the sample using an 
electron beam current of 2 nA to prevent any sample damage. The Auger spectroscopy 
revealed that the nanotube sample did not have any surface contaminants so the sample 
was transferred back to the STM chamber for FE current-voltage (I-V) measurements. 
After I-V measurements the clean sample is moved back to the main UHV chamber and 
positioned 2 cm below a Cs metal dispenser. Cs is deposited for a period of 1 minute and 
then the sample is transferred once again to the STM chamber for I-V measurements. 
Then the anode tip is positioned at a separation of 20 microns as described in section 3.3 
and FE I-V  data acquired.
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Figure 4.1 Auger spectra of the single wall carbon nanotube sample showing the results of cesium deposition
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Then the tip was retracted to place it at a separation of 75m, 150m, and 250m and the 
measurements repeated. The anode was positioned over approximately the same area of 
the SWNT sample each time. After the I-V data was taken Auger spectroscopy was 
performed to determine the amount of Cs on the film. This procedure was repeated 4 
times resulting in FE I-V curves after total Cs deposition times of 1,2, 3 and 4 minutes. 
The Auger data are presented in Figure 4.1 with the background subtracted from the 
graphs to allow for accurate measurement of peak areas. The peak areas were measured 
in preference to the peak to peak heights of the derivative since the peak areas provide for 
a more accurate quantitative analysis [20]. The ratio of the Cs to carbon peak in the 
Auger spectra was 0.02, 0.06, 0.10 and 0.14 after 1, 2, 3, and 4 minutes of exposure, 
respectively. From these values, the surface concentration of Cs was estimated to be 3%, 
6%, 11%, And 15%, respectively, using standard procedures outlined in the Handbook of 
Auger Electron Spectroscopy [21]. Once FE I-V data were acquired a new area of the 
sample was appropriated for the gas exposure part of the experiment. The anode was 
positioned at a distance of 250 microns from the film and nitrogen and oxygen gases 
introduced to a pressure of 10-7 Torr. The exposures were for a period of six hours as 
current versus time data were acquired. 
 
 4.7 Results and Discussion  
 
 Figures 4.2 - 4.5 show FE I-V curves obtained as described above for anode to 
sample separations of 250, 150, 75 and 20 microns respectively. The data in these graphs 
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are plotted ln(I/V2) vs 1/V to allow comparison with the straight-line behavior predicted 
for FE by the F-N equation. The inset in Figures 4.2 - 4.5 show the corresponding I-V 
curves plotted using a log-linear scale. The small current on the order of 5 x 10-13 A 
observed below the threshold voltage for FE in these graphs is due to leakage across the 
connectors. The observed FE current has a weak dependence on the anode to film 
distance d, consistent with geometric local field enhancement. For example, for the clean 
sample the threshold voltage for FE decreases from approximately 192 V to 83 V as d 
changes by over an order of magnitude from 250 m to 20 m. This effect is even more 
pronounced after the sample has been exposed to Cs for 4 minutes.  The threshold voltage 
for FE then decreases from approximately 92 V to 36 V as d changes by over an order of 
magnitude from 250 m to 20 m. 
 In Figure 4.2 for the 250 micron distance after the 1 minute Cs deposition the 
threshold voltage decreases from 192 V to 136 V a decrease of almost 30%. The FE 
current at 208 V increases by almost 6 orders of magnitude from 710-12 A to 6.510-9 A. 
Table 4.1 lists the turn-on voltages and the FE current emitted at 208 V for the 250m 
distance. The subsequent depositions at 2,3 and 4 minutes do not see such a dramatic 
change in either the threshold  voltage nor the FE current. Instead we have a more 
gradual shift of the FN curves for the 2, 3, and 4 minute deposition curves. This behavior 
is seen in the 150 micron and 75 micron graphs as well shown in Figures 4.3 and 4.4, 
respectively. Tables 4.2 and 4.3 list the turn-on voltages and the FE current emitted at 
194 V and 177.5 V for the 150m and 75m distances, respectively.
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Figure 4.2. Field emission data from a film of single wall nanotube bundles for a film that is clean and exposed to Cs for 1, 2, 
3, and 4 minutes. The data are plotted to allow comparison with the Fowler-Nordheim model. The measurements are taken at 
anode-film distance d = 250 m The inset shows a plot of the field emission current versus voltage using a log-linear scale. 
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Figure 4.3. Field emission data from a film of single wall nanotube bundles for a film that is clean and exposed to Cs for 1, 2, 
3, and 4 minutes. The data are plotted to allow comparison with the Fowler-Nordheim model. The measurements are taken at 
anode-film distance of d = 150 m. The straight-line fit shows the departure from Fowler-Nordheim behavior at large currents. 
The inset shows a plot of the field emission current versus voltage using a log-linear scale. 















































Figure 4.4. Field emission data from the film of single wall nanotube bundles that is clean and exposed to Cs for 1, 2, 3, and 4 
minutes. The data are plotted to allow comparison with the Fowler-Nordheim model. The measurements are taken at anode-
film distance of d = 75 m. The inset shows a plot of the field emission current versus voltage using a log-linear scale. 














































Figure 4.5. Field emission data from the film of single wall nanotube bundles that is clean and exposed to Cs for 1, 2, 3, and 4 
minutes. The data are plotted to allow comparison with the Fowler-Nordheim model. The measurements are taken at anode-
film distance of  d = 20 m. The inset shows a plot of the field emission current versus voltage using a log-linear scale.











































It is interesting to note that in Reference 17 a rapid shift in the Fermi level was also noted 
after the first Cs deposition followed by more gradual movement in subsequent 
depositions. They attributed this to an increase in the density of states at the Fermi level 
caused by the Cs intercalation.  
In Figure 4.5 for the 20 micron graph, the “clean” and “1 min” curves almost 
overlap. Similarly for the 75 micron graph the “3 min” and “4 min” curves are 
transposed. Such anomalies are not seen for the larger distances of 150 microns and 250 
microns leading to the hypothesis that the shorter distances are susceptible to the film’s 
local surface morphology. That is, changes in the surface during the normal course of the 
experiment would have a greater effect on the shorter distances. This could be  
 
 
Deposition Time Threshold Voltage at 
 250m 
FE current at 208 Volts 
0 minutes 192 V 7  10-12 A 
1 minute 136 V 6.5  10-9 A 
2 minutes 120 V 1.5  10-7 A 
3 minutes 104 V 5  10-7 A 
4 minutes 92 V 1.5  10-6 A  (extrapolated) 
 
Table 4.1 FE data for the single wall nanotube at a film-anode separation of 250 m. 
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Deposition Time Threshold Voltage at 
150m 
FE current at 194 Volts 
0 minutes 186  V 1.5  10-12 A 
1 minute 113 V 8  10-8 A 
2 minutes 94 V 1  10-6 A 
3 minutes 74 V 9  10-6 A (extrapolated) 
4 minutes 66 V 1.5  10-5 A  (extrapolated) 
 
Table 4.2 FE data for the single wall nanotube at a film-anode separation of 150 m. 
 
 
Deposition Time Threshold Voltage at 
 75m 
FE current at 177.5 Volts 
0 minutes 166 V 2  10-12 A 
1 minute 88 V 5  10-7 A 
2 minutes 73 V 3  10-6 A (extrapolated) 
3 minutes 54 V 1  10-4 A (extrapolated) 
4 minutes 58 V 4  10-5 A  (extrapolated) 
 
Table 4.3 FE data for the single wall nanotube at a film-anode separation of 75 m. 
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Deposition Time Threshold Voltage at 
 20 m 
FE current at 90 Volts 
0 minutes 83 V 1.5  10-12 A 
1 minute 78 V 2  10-11 A 
2 minutes 62 V 7  10-9 A 
3 minutes 40 V 1.5  10-6 A 
4 minutes 36 V 2  10-6 A  (extrapolated) 
 
Table 4.4 FE data for the single wall nanotube at a film-anode separation of 20 m. 
 
compounded  by the fact that the data for the farther distances was taken later in time 
possibly after the surface had “settled” somewhat more. 
 At low currents, the I-V curves show good agreement with the straight-line 
behavior predicted by the F-N equation. At larger currents, the I-V curves of the samples 
exposed to Cs show a departure from straight-line behavior towards smaller slope, as 
shown by the straight-line fit in Figure 4.3. This current saturation effect is not observed 
for the clean nanotube sample, which agrees well with the F-N equation even at high 
currents. A similar saturation effect has been observed in the FE I-V curves of single wall 
nanotubes at a pressure of 10-7 Torr [22,23] and attributed to a current and field-induced 
decrease in tunneling from adsorbate states [23]. In Reference [23] the adsorbates are due 
to H2O in the vacuum container, and after high FE currents they observe a decrease in FE 
current and return to F-N behavior due to desorption of the adsorbates. Our experiments 
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are performed in UHV and the saturation effect is not observed in the clean sample. The 
saturation effect initially appears after the first Cs deposition. As the Auger results 
indicate, there is some deposition of O2 along with the Cs on the nanotube surface. The 
O2 probably comes from the trace oxygenic gases released during the evaporation of Cs. 
Thus I conjecture that the saturation effect is due to the presence of adsorbates such as Cs 
and O2. We ran the SWNT emitters at high currents (10
-6 A), yet did not observe a 
permanent decrease in FE current and permanent return to F-N behavior in the I-V curves 
shown in Figures 4.2-4.5, showing that the Cs adsorbates are robust and not desorbed. 
The F-N equation shows that the value of b3/2/ can be determined from the 
slope of the ln(I/V2) vs. 1/V curve. Assuming that  remains the same, the ratio of the 
work function before and after Cs deposition can be determined from the ratio of the 
slope before and after deposition [5,24] We measure the slope of the straight-line 
behavior at low currents in the FE I-V curves shown in Figures 4.2-4.5. From these 
measurements, the ratio of the slope for the clean sample and the slope for the sample 
exposed to Cs for 4 minutes is found to be 1.8, 2.2, 2.5 and 2.0 for film – anode 
separations of 250, 150, 75 and 20 m, respectively. It is interesting to note that the 
average of these values is 2.1  0.3, in good agreement with the value of 2.0 for the ratio 
of the work function of SWNT bundles before and after Cs deposition measured using 
ultraviolet photoemission spectroscopy in Reference 17. 
 If cesiated carbon nanotubes are to be considered for potential applications as FE 
sources, it is important that their performance and stability be tested under UHV and 
gaseous environments. We studied the effects of N2 and O2 gases on the FE properties of 
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the SWNT bundles exposed to Cs for 4 minutes at a film – anode separation of 250 m. 
The choice of O2 as a test gas is quite obvious if one considers the prevalence of oxygen 
and its derivative oxygenic gases in most vacuum environments. Add to this the reactivity 
of O2 and it becomes crucial to understand the effects of the exposure of the cesiated 
carbon nanotubes to this gas. The addition of N2 as a test gas compliments my study quite 
well since N2 is not as reactive a gas as O2 but has a mass quite close to O2. This allows 
us to distinguish between the damage done by sputter etching – an effect attributable to 
heavy gases [25] – and surface chemical reactions. 
Figures 4.6 - 4.8 show the FE current as a function of time in UHV, and during 
exposure to N2 and O2 at 10
-7 Torr for 6 hours for a total exposure of approximately 2167 
Langmuir (L). Figure 4.6 shows that the FE current does not decrease in UHV. Figure 4.7 
shows that upon introduction of N2 there is an increase in fluctuation of the FE current. 
However, the FE current does not decrease in magnitude during the exposure. Figure 4.8 
shows the initial current of the SWNTs at 6 nA which required 150 V. Exposure to 2167 
L of  O2 then decreases the FE current by 75 %  to approximately 1.5 nA. This should be 
compared to the results of Figure 5.9 in chapter 5 where the SWNT bundles were 
exposed to 6500 L while operating at 4A. Previous research has shown that changes in 
FE characteristics in a gaseous environment are directly proportional to the FE current of 
the emitter [26,27]. Thus it is not surprising that the SWNT bundles in Figure 5.9  suffer 
greater current degradation than the cesiated SWNT bundles. But what stands out is that 





































































































































































































































































































































































































































































complete recovery. This difference is possibly due to the presence  of Cs in Figure 4.8, 




In summary, Cs deposition on SWNT bundles has a significant effect on the FE 
properties of the carbon nanotubes. The threshold  field voltage is reduced by a factor of 
2.1 - 2.9 and the FE current increased  by almost 6 orders of magnitude. The FE I-V 
curves of samples exposed to Cs show a saturation effect at large currents attributed to 
the Cs and O2 adsorbates. At high currents, the Cs adsorbates do not desorb. At lower 
currents, the ratio of slopes before and after Cs deposition is approximately 2.1, 
indicating perhaps, a reduction in the work function of the SWNT bundle. The reduction 
of the threshold voltage and the increase in FE current is due either to tunneling from Cs 
adsorbate states, or reduction of the work function of the SWNTs, or a combination of 
both effects. The magnitude of the FE current does not decrease in UHV and during 
exposure to N2, but decreases during exposure to O2. The cesiated SWNT bundles show 
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EFFECTS OF GAS EXPOSURE ON THE FIELD EMISSION PROPERTIES OF 
SINGLE WALL AND MULTIWALL NANOTUBES 
 
 
5.1 Introduction  
 
 In sections 5.2 – 5.4, I discuss the choice of H2, Ar and O2 as test gases for the 
carbon nanotube (CNT) field emitters. Part of the motivation in choosing these particular 
gases comes from current research being done in the effects these gases have on the 
electronic and transport properties of CNTs. Sections 5.5 and 5.6 describe how multiwall 
nanotubes (MWNTs) were grown in the laboratory and the probable mechanism involved 
in their growth process. The Field emission (FE) experiment is described in detail in 
section 5.7 and the results are presented in section 5.8. 
 
5.2 Selection of Hydrogen as an Ambient Test Gas 
 
Storage of hydrogen in carbon nanotubes has garnered a lot of interest in recent 
years [1,2,3,4]. It is believed between 5-10 weight % (the weight of H2 adsorbed divided 
by the weight of the carbon nanotubes plus the H2 adsorbed by the nanotubes) of 
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hydrogen molecules can be physisorbed on the exterior surfaces of carbon nanotubes or 
the interstitial spaces between carbon nanotubes [4,5]. This value goes up to 20 weight % 
for carbon nanotubes doped with alkali metals [6]. Chemisorption sites have also been 
found on the exterior surfaces of single wall nanotubes (SWNTs) where H2 molecules are 
likely to adsorb [7].  
Although hydrogen is less than 0.00005% by volume of our general atmosphere it 
is an important factor in UHV studies. Because of its light mass it is notoriously difficult 
to pump out of vacuum chambers and is one of the most prevalent gases present at or 
below 110-9 Torr. In sharp metal emitters hydrogen is known to cause sputter-assisted 
atomic diffusion which can grow nanoscale protrusions on the emitter surface [8,9]. 
These protrusions can lead to increased current emission leading to runaway current 
which can destroy the emitter through a vacuum arc [10]. Thus in a FE vacuum system it 
would be crucial to understand how ambient hydrogen reacts with active CNT emitters. 
 
5.3 Selection of Argon as an Ambient Test Gas 
 
 Argon exists in trace amounts of less than 1% by volume in the general 
atmosphere. It is not much of a problem gas in vacuum environments due to the relative 
ease of its evacuation and the general lack of its reactivity with other compounds. This 
lack of reactivity is in sharp contrast to oxygen, which like Ar is a high mass gas. High 
mass gases can dull extremely sharp tips and protrusions through sputtering [10]. Since 
oxygen was one of my test gases, to distinguish between current degradation due to 
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sputtering and current degradation due to surface chemical reactions I utilized Ar gas as 
well. Ar is also known to adsorb on the outer surfaces of SWNT bundles by first filling 
up the interstitial groove sites and then line by line covering the entire outer surface of the 
nanotube bundle[11]. 
 
5.4 Selection of Oxygen as an Ambient Test Gas 
 
 Oxygen molecules constitute almost 21% by volume of our planetary atmosphere. 
This abundance combined with the chemically reactive nature of oxygen is the reason for 
the prevalence of oxygen and oxygenic gases in vacuum environments. Considerable 
interest has been shown of late on the effects of oxygenic gases on the electronic and 
transport properties of carbon nanotubes . The electrical conductance of a semi-
conducting SWNT is known to increase upon exposure to nitrogen dioxide [12]. Small-
gap semi-conducting nanotubes exhibit metallic properties when exposed to oxygen, and 
oxygen in particular has been found to increase electrical conductance of the nanotubes 
with a corresponding increase in the local density of states [13]. The thermoelectric 
power is also shown to be sensitive to oxygen exposure [13]. 
While much of the recent work relates to the transport measurements of  carbon 
nanotubes little has been done to ascertain the impact of gas exposure as it relates to field 
emission (FE). Previous studies have reported about the effects of gases on the FE of 
carbon nanotubes, but these experiments were limited to a single current  over a period of 
gas exposure [10,14,15,16]. Oxygen adsorbed on metal emitters is known  to reduce the 
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FE current by inducing surface dipoles [8,17]. As far as nanotube FE is concerned recent 
experimental studies have shown that exposure to H2O induces a large current increase 
which remains stable over long periods in UHV conditions [18,19]. However long term 
exposure to oxygen results in almost instantaneous and largely irreversible current 
degradation [10]. Also lacking is a comparative analysis among the various types of 
carbon nanotubes , such as SWNTs and MWNTs, as field emitters. My study addresses 
this issue directly. 
 
5.5 Production of Multiwall Carbon Nanotubes 
 
 150 nm of iron film was deposited onto a silicon wafer using a vacuum 
evaporator. The silicon substrate was placed on a quarz boat and put into the center of a 
glass tube 5.65 cm in diameter and 91 cm long which is heated by a high temperature 
cylindrical tube furnace made by Fisher Scientific . The silicon wafer was placed coated 
side up since the iron particles  act as catalysts for CNT growth [20]. The tube was then 
evacuated to a pressure of 110-6 Torr using a liquid nitrogen trapped mechanical pump. 
Then nitrogen gas was introduced into the tube at a flow rate of 250 standard cubic 
centimeter (sccm) along with hydrogen at 11 sccm and at a pressure of 300 Torr. Then 
the sample was heated to a temperature of 735C over approximately 10 minutes. On 
reaching 735C, the hydrogen flow was turned off and replaced with 20 sccm of 
acetylene for approximately 10 minutes. The acetylene is to provide carbon for the 
growth of Carbon nanotubes. After this time, the acetylene was turned off and the system 
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pressure readjusted to 1.3 Torr and the nitrogen flow rate set at 300 sccm. The furnace 
was turned off and allowed to cool to room temperature over an approximately two hour 
period.  
We experimented with various parameters such as the flow rate of gases, 
temperature and the growth period allowed to obtain various multiwall nanotube samples. 
The sample whose growth is described above and was utilized for FE analysis was 
chosen  because it had the lowest resistance measured at approximately 400 . 
 
5.6 Growth Mechanism of Multiwall Nanotubes 
 
It has been known for over a hundred years that carbon filaments can be created 
by the catalytic decomposition of a carbon containing gas on a hot surface [20 ]. Despite 
the vast expanse of time it is still not clearly understood till today exactly how carbon 
atoms configure to synthesize the various types of nanotubes. The growth procedure 
outlined in section 5.5 which I used to grow multiwall nanotubes depended on iron 
particles to catalyze the decomposition of acetylene at 700C. Several growth models 
have been developed to describe the formation of carbon nanotubes by the catalytic 
breakdown of organic gases [21,22,23]. It is generally believed that the first stage in the 
nanotube growth is the decomposition of the hydrocarbon – acetylene in my case – on the 
exposed front surface of the metal particle. 
 89
Figure 5.1 SEM picture of the multiwall nanotubes grown in the laboratory. The bar in 
the picture represents one micron. 
 
 
This decomposition produces hydrogen and carbon which oversaturate the front surface 
causing the carbon to dissolve into the metal. The dissolved carbon then diffuses through 
the particle and is extruded on the other side. It is believed that the metallic catalyst 
particles promote tip growth or base growth depending on the contact force between the 
catalyst particles and the substrate [23]. The carbon atoms can also deposit on top of the 




Figure 5.2 Growth model for the formation of multiwall nanotubes 
 
5.7 Experiment 
The SWNT bundles were purchased from Tubes@Rice [24] as a slurry in toluene 
and their characteristics and properties have been detailed in chapter 2. The slurry of 
SWNT bundles in toluene was deposited onto a conducting Si substrate and allowed to 
dry resulting in a mat of approximately 6 microns as measured by an optical telescope. 
The Si wafer was then secured onto a quarz holder using tantalum clips as shown in 
Figure 3.3 of chapter 3. The MWNTs grown on a Si substrate as described in section 4.5 
were similarly mounted on a quarz holder and secured with tantalum clips.The samples 
were then placed in the UHV compatible preparation chamber for out-gassing as 
described in chapter 2. These samples were processed on different days but their transfer 
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500 C with the temperature measured by a digital pyrometer. The fluctuating pressure 
due to the out-gassing was monitored with an ionization gauge and after almost 24 hours 
the samples were ready for transfer. They were then linearly translated through an all 
metal valve into the UHV-STM chamber which, as described in detail in chapter 2, has 
leak valves and a gas analyzer. The carbon nanotubes are placed in the sample stage and 
the Burleigh UHV STM is utilized for the positioning process as described in chapter 2. 
Before introducing the gases , FE I-V curves of the sample are measured in UHV. The 
first gas I introduced into the chamber was hydrogen. To achieve approximately 65 L (1 
L = 10-6 Torr s) of exposure, hydrogen was leaked into the vacuum system to a pressure 
of  310-7 Torr and the nanotubes were biased at voltages that produce a FE current of 
4µA for 216 s. After this exposure, the vacuum system was evacuated to < 10-10 Torr and 
FE I-V curves are measured. In this manner, the nanotubes were not exposed to hydrogen 
during the I-V curve measurement. The samples were exposed at high voltages rather 
than zero volts to simulate working conditions encountered in practical applications. To 
achieve approximately 650 L of exposure, hydrogen was introduced again into the 
vacuum chamber to a pressure of 3  10-7 Torr and the nanotubes were biased at 4A for 
2160 s. Then the system was evacuated and the FE I-V curves were measured once again 
by a separate high voltage system as detailed in chapter 3. This procedure was repeated 
for 6500 L exposure with 4 A maintained for a total of six hours. Once FE I-V  curves 
had been taken the CNT sample was raised slightly to appropriate a new surface. On this 
surface I conducted current versus time experiments by biasing the sample to produce 4 
A  while exposing it to 3  10-7 Torr of hydrogen for six hours. Then FE I-V and current 
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versus time experiments were done with argon gas. Finally the carbon nanotubes were 
exposed to oxygen and FE I-V data taken. 
5.8 Results and Discussion  
 
In Figures 5.3 – 5.7 the FE data are plotted ln(I/V2) versus (1/V) to allow 
comparison with the straight-line behavior predicted for FE by the FN equation. The inset 
in the figures are the I-V curves plotted using a log-linear scale. The small current on the 
order of 10-13 A observed below the threshold voltage for FE is due to leakage across the 
connectors. Before introducing O2 , FE I-V curves were measured in UHV as shown by 
the clear-circle plots in Figures 5.3 and 5.4 .To achieve approximately 65 L of exposure, 
O2 is leaked into the vacuum system to a pressure of  310
-7 Torr and the nanotubes were 
biased at voltages that produce a FE current of 4µA for 216 s. These voltages were 
approximately 437V and 750V for SWNTs and MWNTs, respectively.  After this 
exposure, the vacuum system was evacuated to < 10-10 Torr and FE I-V curves were 
measured, as shown by the second plots in Figures 5.3 and 5.4. During the 650 L of 
exposure, the voltages required to bias the nanotubes at 4A for 2160 s were 440V and 
754V for SWNTs and MWNTs, respectively. Then the system is evacuated and the FE I-
V curves were measured, as shown by the plot symbolized by clear boxes in Figures 5.3 
and 5.4. The voltages required for 6500 L exposure were  459V and 844V for SWNTs 
and MWNTs, respectively and the FE I-V measured are represented by the filled boxes. 
The FE I-V curves represented by the solid circles (and labeled post-recovery) were taken 
last after allowing the nanotubes to operate at high currents in UHV for approximately 40 
hours.  
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Figure 5.3.  Field emission plots for 0 L , 65 L, 650 L and 6500 L O2 exposure of  single wall carbon nanotubes. The solid-
circle curves labeled post-recovery were taken last after allowing the nanotubes to operate in UHV for several hours. The inset 
shows a plot of the field emission current versus voltage using a log-linear scale.  












































Figure 5.4. Field emission plots for 0 L, 65 L, 650 L and 6500 L O2 exposure of multiwall carbon nanotubes. The solid circle 
curves labeled post-recovery were taken last after allowing the nanotubes to operate in UHV for several hours. The inset shows 
a plot of the field emission current versus voltage using a log-linear scale. 
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As shown in Figure 5.3, introduction of  O2 results in a decrease in the FE current of 
SWNTs, an effect that is evident after 65 L of exposure. After 6500 L of exposure, the 
threshold voltage for FE has increased approximately 22% from 230 V to 280 V . Before 
introducing O2 the FE current is approximately 5  10
-9 A at 300 V. After 6500 L of 
exposure, the FE current at 300 V decreases 2 orders of magnitude to about 5  10-11A. 
Table 5.1 is a complete listing of the turn-on voltages for the MWNTs after each O2 
exposure. FE currents at 530 volts after each exposure are also listed. Figure 5.4 shows 
the FE I-V curves of MWNTs exposed to O2 . Exposure to 6500 L of  O2 decreases the 
FE current at 600 V from approximately 210-6 A to 210-9 A, a decrease of 3 orders of 
magnitude. The turn on voltage increases roughly 43% from 350 V to 500 V. Table 5.2 is 
a complete listing of the turn-on voltages for SWNTs after each O2 exposure. FE currents 
at 310 volts after each exposure are also listed. After allowing the emitters to run in UHV 
for approximately 40 hours, the SWNTs recover from the O2 exposure as seen by the 
post-recovery plot in Figure 5.3. This almost complete recovery is an indication that the 
initial decrease in the FE current results from a surface chemical interaction such as 
formation of C-O dipoles, [10] and not permanent structural damage. The dipoles likely 
break up and the oxygen is desorbed during the SWNTs’ operation in UHV, similar to 
what occurs in other types of emitters such as Mo microtip arrays during field desorption 
cleaning [17, 25]. The MWNTs on the other hand recover only up to about the second 
exposure as seen by the post-recovery curve in Figure 5.4. Even after long hours (> 40 h) 
of UHV operation at high currents (up to 10 A) the MWNTs showed no further 
improvement. 
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O2 Exposure Threshold Voltage FE current at 530 V 
0 L 350 V 2.5    10-8 A 
65 L 380 V 2.6    10-9 A 
650 L 440 V 2.0    10-10 A 
6500 L 500 V 4.0    10-12 A 
Post-recovery 410 V 4.0    10-9 A 
 
Table 5.1 FE data taken for multiwall nanotubes exposed to O2. 
  
 
O2 Exposure Threshold Voltage FE current at 310 V 
0 L 230 V 8.5    10-9 A 
65 L 242 V 3.8    10-9 A 
650 L 257 V 5.0    10-10 A 
6500 L 280 V 5.0    10-11 A 
Post-recovery 230 V 8.0    10-9 A 
 
Table 5.2 FE data taken for single wall nanotubes exposed to O2. 
 
In the above experiment both SWNTs and MWNTs emit roughly the same current (4 µA) 
during exposure, with the latter requiring more voltage to do so. See Table 5.3 for a 
complete listing of voltages required to maintain 4 A current  at the start of each O2 
 97
exposure. We find that the permanent decrease in the FE current of MWNTs is bias 
voltage dependent. For example, exposing the MWNTs to 6500 L of O2 at voltages less 
than 745V leads to the full recovery of the MWNTs. Thus for MWNTs the higher electric 
fields may drive the oxygen ions to enhanced surface chemical reactions, such as etching. 
Etching specially at the surface caps degrades the local geometry and can lead to a 
permanent decrease in the FE  current.9  Molybednum arrays are known to suffer greater 
current degradation with increasing voltage in an oxygen environment [17]. Reference 17 
attributes this to the increased electric field and the accompanying increase in electron 
emission with rising voltage. SWNTs operating at FE currents up to 10 µA and voltages 
up to 500V in O2 were observed to recover completely.    
 
 
O2 Exposure SWNTs MWNTs 
65 L 437 V 750 V 
650 L 440 V 754 V 
6500 L 459 V 844 V 
 
Table 5.3 Voltages required to maintain 4 A current  for the single wall and multiwall 
nanotubes at the start of each O2 exposure.  
 
 
The F-N equation (2.22) shows that the value of b3/2/ can be determined from 
the slope of the ln(I/V2) vs 1/V curve. From this we determined  the field enhancement 
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factor ratio p/0 , where p and 0 are the enhancement factors for the post-recovery and 
0 L curves respectively. Our assumption was that after their long run in UHV most of the 
O2 had desorbed off the CNT’s allowing them to recover their original workfunctions. 
Thus by taking the ratio of the slopes of the 0 L and post-recovery curves and assuming  
is approximately the same, we measured p/0 = 1.04 and 0.82 for SWNTs and MWNTs, 
respectively. This analysis is consistent with the results in Figure 5.3  showing that the 
SWNTs  had not suffered any structural degradation that might permanently reduce the 
FE current. Consistent too are the findings regarding MWNTs. The reduction in the 
enhancement factor is indicative of permanent structural change that occurred , possibly 
from processes like etching .  
Figures 5.5 and 5.6 show the FE I-V curves of SWNTs and MWNTs, respectively, 
after exposure to Ar. The 0 L, 65 L, 650 L and 6500 L curves all roughly coincide 
indicating that Ar exposure has almost no influence on the threshold voltage or FE 
current of the CNTs. Reference 10 reports that sputtering by Ar ions does not greatly 
impact upon the FE stability of SWNTs at a single current. We find this extends to the 
entire FE characteristics of SWNTs and MWNTs. As shown in Figure 5.7  the 0 L, 65 L, 
650 L and 6500 L FE I-V curves taken after SWNTs’ exposure to H2 are all 
approximately coincident on one another. Figure 5.8 is a similar display for the results of 
H2 exposure to MWNTs. In neither case does the impact of light hydrogen ions seem to 
influence the FE characteristics of the respective emitters. H2 molecules are known to 
physisorb on the outer surfaces of CNTs as well as in between the interstitial spaces  
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Figure 5.5.  Field emission plots for 0 L , 65 L, 650 L and 6500 L Ar exposure of single wall carbon nanotubes. The inset 
shows a plot of the field emission current versus voltage using a log-linear scale.  
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Figure 5.6.  Field emission plots for 0 L , 65 L, 650 L and 6500 L Ar exposure of multiwall carbon nanotubes. The inset shows 
a plot of the field emission current versus voltage using a log-linear scale.  
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The F- N curves of Figures 5.1 – 5.4 are based on the I – V data taken for a large “ 
sweep”  of voltages and their corresponding currents. In practical situations field emitters 
operate at a single voltage and current value for long periods of time. Thus to model this 
behavior the SWNTs and MWNTs were set at initial currents of 4 A. Then the effects of 
exposure of the gases H2, Ar, and O2 to this initial current configuration were noted. The 
gases were introduced to a pressure of 310-7 Torr for a period of six hours for a total 
exposure of approximately 6500 L. With this setup we could compare these results with 
our previous F-N data.   
As seen in Figure 5.9 exposure of O2 to the SWNTs causes an immediate decrease 
in the FE current. The current goes down by 2 orders of magnitude to a minimum value 
fluctuating around  approximately 50 nA. Upon removal of the O2 gas the current slowly 
recovers to approximately its initial value. It takes about 10 hours for the current to 
recover. These results are consistent with the F-N data of  SWNTs exposed to O2 
presented earlier in Figure 5.3. Figure 5.10 shows the O2 exposure to MWNTs. The 
current decreases by approximately 3 orders of magnitude to a minimum fluctuating 
around 4 nA. After the O2 has been removed, the current recovers somewhat fluctuating 
around a value of 0.6 A, but does not completely recover. This behavior is again 
consistent with the F-N data of MWNTs exposed to O2 presented earlier in Figure 5.4. 
Figures 5.11 and 5.12 show the behavior of SWNTs and MWNTs, respectively exposed 
to Ar gas. The exposure does not have any effect on the magnitude of the FE current 
emitted by the SWNTs or the MWNTs.
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Figure 5.7. Field emission plots for 0 L , 65 L, 650 L and 6500 L  H2 exposure of  single wall carbon nanotubes .The inset 
shows a plot of the field emission current versus voltage using a log-linear scale.  
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Figure 5.8 Field emission plots for 0 L , 65 L, 650 L and 6500 L  H2 exposure of  multiwall carbon nanotubes. The inset shows 
a plot of the field emission current versus voltage using a log-linear scale.
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Figure 5.9 Field emission current as a function of time for a single wall nanotube sample at film-anode separation of 250 m. 
The current is measured while the sample is exposed to O2 at 310
-7 Torr for a period of 6 hours. 


















Figure 5.10 Field emission current as a function of time for a  multiwall nanotube sample at film-anode separation of 250 m. 
The current is measured while the sample is exposed to O2 at 310
-7 Torr for a period of 6 hours. 
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Figure 5.11 Field emission current as a function of time for a single wall nanotube sample at film-anode separation of 250 m. 
The current is measured while the sample is exposed to argon at 310-7 Torr for a period of 6 hours. 





















Figure 5.12 Field emission current as a function of time for a multiwall nanotube sample at film-anode separation of 250 m. 
The current is measured while the sample is exposed to argon at 310-7 Torr for a period of 6 hours. 





















Figure 5.13 Field emission current as a function of time for a single wall nanotube sample at film-anode separation of 250 m. 
The current is measured while the sample is exposed to hydrogen at 310-7 Torr for a period of 6 hours. 






















Figure 5.14 Field emission current as a function of time for a multiwall nanotube sample at film-anode separation of 250 m. 
The current is measured while the sample is exposed to hydrogen at 310-7 Torr for a period of 6 hours.





















Figures 5.13 and 5.14 are graphs of the exposure of SWNTs and MWNTs to H2 
respectively. Again H2 does not have any effect on the magnitude of the FE current 
emitted by the SWNTs or the MWNTs. These results of the exposure of the SWNTs and 
MWNTs to Ar and H2 are consistent with the respective F-N data presented in Figures 
5.5 – 5.8. 
 
5.9 Conclusion 
 In summary , O2 exposure temporarily increases the turn-on field of SWNTs by 
22% and decreases the FE by two orders of magnitude. However, the FE properties 
completely recover after approximately 40 hours of FE operation in UHV. For MWNTs, 
the higher voltage O2 exposure leads to a 43% increase of the turn-on field and reduction 
of FE current by 3 orders of magnitude. Recovery in UHV is only partial, indicating that 
the MWNTs suffer permanent degradation of FE characteristics. The ratios of the slopes 
before and after O2 exposure are approximately 1.04 and 0.82 for SWNTs and MWNTs, 
respectively, indicating that the geometric field enhancement factor of MWNTs decreases 
after O2 exposure. H2 and Ar gases do not significantly affect the FE properties of 
SWNTs or MWNTs. SWNTs compared to MWNTs would appear to make more 
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